Molecular dynamics simulations are performed to investigate the misfit strain induced buckling of the transition-metal dichalcogenide (TMD) lateral heterostructures, which are seamless epitaxial growth of different TMDs along the in-plane direction. The Stillinger-Weber potential is utilized to describe both the interaction for individual TMD and the coupling between different TMDs, i.e., MX 2 (with M=Mo, W and X=S, Se, Te). It is found that the misfit strain can induce strong buckling of the free-standing TMD lateral heterostructures of large area, resulting from the TMDs' atomic-thick nature. The buckling phenomenon occurs in a variety of TMD lateral heterostructures of different compositions and in various patterns. Our findings raise a fundamental mechanical challenge for the structural stability of the free-standing TMD lateral heterostructures. PACS numbers: 78.20.Bh, 
I. INTRODUCTION
The layered transition-metal dichalcogenides (TMDs) have attracted considerable attention as semiconductors with tunable electronic and other distinctive electro-optical properties. The growth of TMDs in the form of lateral heterostructures is a powerful technique to construct lateral p-n diodes with excellent current rectification and other functional devices based on the TMDs. In 2014, several experiments successfully fabricated the TMD lateral heterostructures and illustrated some novel properties. The WSe 2 -MoSe 2 lateral heterostructure was produced by using a mixture of WSe 2 and MoSe 2 powders as the source for the chemical vapour deposition (CVD) process. 1 The WS 2 -MoS 2 lateral heterostructure was synthesized by controling the growth temperature, where atomic visualization discloses the preference of the lateral interface along the zigzag direction. 2 Another experiment also revealed the zigzag direction to be the preferable growth direction for the lateral interface. In past few years, considerable efforts have been made to improve the growth of the TMD lateral heterostructure. Various modified CVD techniques were introduced to synthesize TMD lateral heterostructures aiming mainly at more precise control over patterns and sharper lateral interface. or spatially graded composition.
28-31
As a characteristic feature of the coherent interface, the misfit strain plays an important role in physical properties of the interface in TMD lateral heterostructures. Although experiments have gained significant progresses on synthesizing TMD lateral heterostructures, present theoretical studies are quite limited and mostly focus on the study of electronic band alignment for TMD alloys 26 or TMD lateral heterostructures, 34-40 the electronic transport properties, [41] [42] [43] [44] or some possible applications. 45, 46 Few works investigated the possibility of designing lateral heterostructres by the first-principles calculations.
47-54
All of these theoretical studies are based on the first-principles calculations approach, which is accurate but of expensive computational costs. Theoretical investigations are needed for many emerging mechanical or thermal properties of the TMD lateral heterostructures, such as the distribution of the misfit strain, thermal transport across the lateral interface, the sharpness of the lateral interface, and etc. These properties are sensitive to the size of the structure, and typically require more than tens of thousands of atoms, which is out of the capability of first-principles calculations. An empirical potential is thus highly desirable for these investigations, which will be developed in the present work.
In this work, we perform molecular dynamics simulations to study the misfit strain induced buckling in the TMD lateral heterostructures. The Stillinger-Weber (SW) potential is used to describe both the interaction within each TMD and the coupling between different TMDs. We calculate the strain distribution within the TMD lateral heterostructure, and the results are consistent with the experiment. Misfit strain can cause the buckling of TMD lateral heterostructures with size larger than a critical value, due to the atomic-thick nature of the TMD layers. The misfit strain induced buckling is found to be a general phenomenon in TMD lateral heterostructures constructed by different TMD constitutions or of different patterns.
II. SIMULATION DETAILS
The SW potential is one of the most efficient nonlinear empirical potentials, and will be used to describe the interaction for TMD lateral heterostructures in the present work. It contains the following two-body and three-body interaction terms,
(1)
where r ij is the distance between atoms i and j, and θ jik is the angle formed by bonds r ji and r jk . θ 0 is the equilibrium bond angle. Other quantities are SW potential parameters to be parametrized for different materials. We have recently parameterized the SW potential for most atomic thick layered materials including individual TMDs, i.e., MX 2 (with M=Mo, W and X = S, Se, Te).
55
There are two inequivalent bond angles in the hexagonal MX 2 , but these two angles are very close to each other for MX 2 with M=Mo, W and X = S, Se, Te. which can be regarded as the substitution of one S atom by the Se atom in the angle θ MoSS as illustrated in Fig. 1 . We focus on the angle θ MoS 1 S 4 (with Mo as the apex). The substitution of S 1 atom by Se atom in Fig. 1 can cause two competing effects on the equilibrium value of angle θ MoS 1 S 4 = θ 0 . First, Se has larger nuclei radius than S (i.e., Se has more electrons than S), so the repulsive force between Se-S 4 is stronger than S 1 -S 4 , which shall enlarge the equilibrium angle θ 0 . Second, the Se atom is further away from the Mo atom (i.e. MoSe bond is longer than Mo-S 1 bond), which tends to reduce the value of angle θ 0 . These two competing effects cancel with each other, resulting in only neglectable changes of the equilibrium angle θ 0 . It is thus reasonable to assume that the equilibrium angle θ 0 = 80.581
• keeps unchanged in crossing angles like θ MoSeS 4 . We thus use θ 0 = 80.581
• for all bond angles in the TMD lateral heterostructures. It should be noted that the bending of angles like θ MoS 1 S 6 is not considered in the SW potential, and a modification is necessary for LAMMPS to exclude this term in the three-body SW potential (see appendix).
The energy parameter λ MXX ′ in Eq. (2) for the crossing angle θ MXX ′ is derived by the geometric average,
where λ MXX and λ MX ′ X ′ are angle bending parameters corresponding to θ MXX and θ MX ′ X ′ in the individual TMD, respectively. 55 There is no new term of the two-body form. We have generated all necessary terms for the SW potential of the multicomponent MX 2 system with M=Mo, W and X=S, Se, Te. The SW potential script for LAMMPS can be found from our group website http://jiangjinwu.org/sw. Specifically, this SW potential script is applicable for various TMD compounds, such as alloys and lateral heterostructures. We note that the largest system simulated in the present work contains more than 50,000 atoms, which goes beyond the computational capability of first-principles approaches and thus exhibits the power of the SW empirical potential. constructed with a common lattice constant. The ideal configuration is relaxed to the energy minimum state as shown in Fig. 2 (b) . Periodic boundary condition is applied in the x-direction, and free boundary condition is applied in the y and z-directions. The lattice constant of WSe 2 is larger than MoS 2 , resulting in obvious misfit strain at the interface.
The heterostructure is deformed by the misfit strain. the right side of the interface, leading to the compressive (tensile) stress on the left (right) side of the interface. As a result, the interface is slightly bent with MoS 2 (WSe 2 ) on the inner (outer) side as shown in Fig. 2 (d) .
We further examine the strain distribution in Fig. 3 for the MoS 2 -WSe 2 lateral het- to bending of the interface displayed in Fig. 2 (d) (with WSe 2 on outer side). Fig. 3 (b) illustrates the strain distribution for these bonds that are not perpendicular to the interface.
Large strains are found at the middle interface. There is another interface formed by the left and right ends, due to periodic boundary condition applied in the x-direction. We will focus on the interface at the middle of the system, i.e., at x = L x /2. The strain decays rapidly away from the interface. Fig. 3 (c) is the strain versus distance from the interface for atoms at y = L y /2. Both strains in the MoS 2 (tensile) and WSe 2 (compressive) decays exponentially with a critical length of 15.0Å. The exponential decay of the strain was also observed in a recent experiment. 33 The strain for bonds perpendicular to the interface is much smaller than the strain for bonds not perpendicular to the interface, which is consistent with the experiment. with L y < 105Å, the ripple amplitudes are around a small value of 3.5Å which essentially represents the thickness of the TMD layer. For structures with L y > 105Å, the ripple amplitude is considerably large, reflecting the buckling deformation of the TMD layer.
There is also similar misfit strain induced buckling instability in other TMD lateral heterostructures. We point out one necessary modification for the three-body SW potential implemented in LAMMPS. More details on this modification can be found from our earlier work. 61 Overall, the modification is done in two steps. 
